
PART 1. PERFORMANCE OBJECTIVES 



Designing Silicon -Transistor 
Hi-Fi Amplifiers 

Silicon power transistors now available offer a number of 
advantages for power output and driver stages. This series 
o[ three articles covers the considerations for conservative 
design and the performance of three practical hi-fi circuits. 



By R. D. GOLD and X C. SONDERMEYER 
RCA Electronic Components & Devices 

£1 ILICON power transistors that are tinw available offer 
many advantages when use J in the power-output and 
K^r driver stages of high-power audio amplifiers, as well 
as in applications such as servomechanism control systems 
and high-power ultrasonic generators. Tliis three- pa it series 
explains the advantages of using such transistors in high- 
quality audio systems designed to deliver tens of watts of 
audio output power and to operate over a wide range of 
amhient temperatures, The discussion will deal primarily 
with the power-amplifier and driver stages of .such systems 
and it is assumed thai the input to these cascaded stages is 
obtained from a suitable voltage amplifier which provides 
up to I milliwatt of driving power, at a I -volt level, with little 
distortion over the desired frequency range. 

The basic design objectives for high-quality audio amplifiers 
are discussed in terms of power output, frequency response, 
distort ion levels, and other major performance requirements. 
The characteristics and capabilities of various output and 
driver stage configurations are compared to determine the 
optimum type of circuit for a given application while con- 
sideration is given to the conservative design of high-quality 
audio output and driver stages, Circuit configurations and 
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performance data are shown for JO-vvatt, 25-watt, and 70- 
watt audio amplifiers that employ silicon power transistors. 
The quality of an audio power amplifier is determined by 
its ability to provide high-fidelity reproduction of audio pro- 
gram material over the full range of audible frequencies. The 
amplifier is required to increase the power level of the input 
to a satisfactory output level with little distortion, and the 
sensitivity of its response to the input signals must remain 
essentially constant throughout the audio-frequency spec- 
trum Moreover, the input-impedance characteristics of the 
amplifier must be such that the unit does not load excessively 
and thus adversely affect the characteristics of the input- 
signal sources. The following paragraphs outline the design 
objectives for lugh-quality audio amplifiers with respect to 
these important performance characteristics. 

Power-* )ulpiil Capabilitv 

The amount of output power that an audio amplifier is 
required to develop is primarily a function of the dimensions 
ol the room in which the unit is to be used, of the size and 
efficiency of the loudspeaker, and of the maximum distortion 
that can he tolerated at high sound levels. In general, the 
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efficiencies of loudspeakers vary from a few percent for 
typical high-quality dynamic speakers down to only a few 
ten His of a percent for acoustic-suspension types. In typical 
residential-size rooms, the amplifier is required to deliver an 
average electrical power of several tenths of a watt to dy- 
namic speakers at normal listening levels. A caustic -suspen- 
sion speakers, however, have a much lower transducer ef- 
ficiency and may require several watts of electrical input 
power to produce the same sound intensity. Because high -in- 
tensity transient sounds (r,g., those produced by percussion 
instruments) may exceed normal listening levels by a factor of 
ten or more, high-quality amplifier should be capable of 
delivering 20 to 40 watts of output power without excessive 
distortion so that the transient sounds will be reproduced 
fully hv the low-efficiency speaker. For less stringent require- 
ments or Eor higher efficiency speaker, a 5- to 15- watt out- 
put capability is usually adequate. 

The ability of an amplifier to supply a given amount of 
output power is dependent upon the loudspeaker impedance, 
the breakdown voltage and current-handling capability of 
the transistors, and the ability of the transistors to withstand 
the currents and voltages which may exist under all operat- 
ing conditions. For all cases of practical interest, the am- 
plifier output power, F Jr , is given by the following equation: 

p ^ _ v > v :-<«**> 

where is the peak transistor current, V r is the peal< vol- 
tage developed across the load impedance, seen by the 
transistor, and V r ( Ilt «, V ) is the maximum allowable transistor 
collector voltage. 

l r ig t 1 shows the peak transistor current and peak tran- 
sistor load voltage required to deliver a specified output 
power into the load impedance seen by the transistor. The 
curves are idealized in that the transistor saturation voltage 
is neglected. The transistor breakdown voltage rating must 
he at least twice the peak load voltage. The vertical lines 
denoting 4 -ohm, 8-ohm, and 16-ohm resistances are par- 
ticularly useful for transformerless designs, where the tran- 
sistor works directly into the loudspeaker. 

ft is apparent from the equation that, for a given amount 
of output power, a high value of load impedance will re- 
quire a larger voltage capability and lower current capa- 
bility than is required with a low value of load impedance. 
Trans former- co up led output stages are frequently used to 
provide an optimum impedance match between the output 
transistors and the speaker load impedance. However, the 
advent of high -current power transistors which are highly 
resistant to failure because of .second breakdown has made 
possible the design of reliable circuits without using trans* 
former-coupled outputs. 

(Second breakdown is not a voltage breakdown, but rather 
an electrically and thermally regenerative process in which 
current is focused m a very small area. The very high cur- 
rent, together with the voltages across the transistor, cause 
a localized heating that may melt a minute hole from the 
collector to the emitter of the transistor and thus cause a 
short circuit. This regenerative process is not initiated un- 
less cert a in high voltages and currents are coincident for 
certain finite lengths of time.) 

Irrespective of how the amplifier is coupled to the load 
impedance, the dissipation rating of the output-stage tran- 
sistors must be adequate for the maxim urn levels m the 
particular circuit configuration used r In class- A amplifiers, 
maximum dissipation occurs when no input signal is ap- 
plied; in class- B push-pull amplifiers, however, the dissipa- 
tion is maximum at 42 percent of the maximum output. In 
addition to an adequate thermal -dissipation capability, the 
transistors must be able to withstand worst-ease conditions 
of voltage and current to avoid failure from second break- 
down. The worst -case operating levels for the transistors 
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usually occur under conditions of hidi fine voltaic, at hHi 
volume levels, and at the extremes of the amplifier frequency 
range below 20 Hz and above 20 kHz) L The operating 

conditions become more severe at the frequency extremes 
because the speaker impedances are then substantially dif- 
ferent from their nominal value. Transistor load lines plotted 
under such conditions indicate that the load impedance is 
highly reactive. 

From the viewpoint of power-dissipation rating, curie] it 
and voltage capabilities, and freedom from second break- 
down, a hornet axial-base transistor such as the 2N3055 ap- 
pears to he an excellent choice for use in an audio output 
stage. Such transistors are const meted by a single-diffused 
technique that results in uniform junctions and a base struc- 
ture having u homogeneous resistivity in the axial direction. 
As a result of the axially homogeneous (hometaxial) re- 
sistivity, the base structure is free from built-in axial electric 
fields, and the risks of second breakdown and other causes 
of electrical failure are thereby substantially reduced. 

The main limitation on the use of the 2N3055 transistor 
in such applications is its moderate frequency capability. 
This transistor provides a gain-bandwidth product of 1 MHz 
at a collector current of 3 amperes; at high power levels, a 
frequency response that is flat within I dB at frequencies 
up to 25 kHz can be achieved. An increase in the upper 
limit of the frequencies for which a flat response can he 
obtained from the 2N3055 transistor requires a substantia J 
amount of negative feedback. A significant increase in the 
drive power is then required to obtain the same level of 
output power. 

Frequency Response 

The audio-frequency range is generally considered to in- 
clude those frequencies between 16 Hz and 22,000 Hz. At 
normal listening levels, the perception range of the average 
listener, however, is only from about 50 to 14,000 Hz. 
Moreover, the frequency response of even the best quality 
loudspeaker systems is usually limited to about 30 to ]H.- 
000 Hz and for most typical high-fidelity speaker systems 
the response range is only about 60 to 12,000 Hz. These 
limitations indicate that an amplifier designed so that its 
frequency response is flat within 1 dB from 20 to 20,000 
Hz is more than adequate for any high-fidelity audio sys- 
tem, Several advantages are obtained, however; from the 
use of amplifiers having a wider frequency response. 

When the frequency response of the amplifier is substan- 
tially greater than the audio spectrum, the amplifier will be 
stable over the audio range because the phase shift ol sig- 
nals in this range will be negligible. It is unlikely, therefore, 
that the amplifier will break into audio- frequency oscilla- 
tions as a result of high-level signal transients or other 
causes, A wide frequency response (without feedback) is 
also advantageous from the standpoint of transistor dissipa- 
tion, because the large phase shifts that may occur when 
the frequency response of the output stage is poor can also 
lead to excessive transistor power dissipation in both the 
output and driver stages. 

At frequencies beyond the upper limit of the flat response, 
the voltage gain of the output stage decreases as frequency 
increases. The negative feedback voltage, which is taken 
from the output, is also reduced* As a result, the drive 
signal effectively becomes larger and it is possible that the 
driver stages will be overloaded. For this reason, the fre- 
quency response of the output stage should he Hat over the 
entire range of expected signal frequencies. In fact, the 
over-all amplifier frequency response characteristic may be 
deliberately rolled off at the input or driver stage to prevent 
such occurrences. When the output-stage transistor has a 
very high frequency capability, controlled roll-off at the 
input is still desirable to reduce the possibility of oscillation 
at frequencies well beyond the audio range. The effects of 
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amplifier frequency response on stability and dissipation 
are discussed in more detail in a subsequent section. 

The over-all bandwidth of an audio-amplifier system is 
less than the bandwidth of any individual element {f.g,, 
input transducer, preamplifier, power amplifier, or loud- 
speaker) in the system. The band width of the power am- 
plifier should, therefore, be substantially greater than that 
of any of the other components so that the effect of the am- 
plifier on the over-all response of the system is held to a 
minimum. For example, if the power amplifier upper-fre- 
quency 3-d R point is 50 kHz and it is driven by a pream- 
plifier havintf an upper 3-dB point of 25 kHz, the 3-d B 
point of the combination will occur at 22 kHz, If the 3-dB 
point for each stage occurs at 2o kHz. the 3-dB point for 
the combination will occur at 16 kHz, Moreover, the fre- 
quency response will fall oil more rapidly than for either of 
the two amplifiers by itself, This is illustrated in Fi^ 2, which 
shows the over-all response for a power amplifier with 3-dB 
frequencies at 1-5 Hz and 30 kHz, and a preamplifier with 
3-dB points at 20 Hz and 25 kHz, The examples assume 
thnt lx)th stages have a simple RC response characteristic 
(u\^ roll-off occurs at the slope of fi dB per octave). 

On the basis of the factors discussed in the preceding 
paragraphs, a frequency response which is Hat (within 1 
dB from 15 to 50,000 Hz is a reasonable design goal for 
the power amplifier of a very high quality audio system. A 
response that is flat within 1 dB from 30 to 20,000 Hz is 
satisfactory for a good quality system known to he stable. 

Distortion 

The principal types of distortion that must be considered 
in the design of high-fidelity audio power amplifiers are 
total harmonic distortion and intermodulation distortion, 
Both types result fmm non linearities in transistor charac- 
teristics and, in t ran s I o n n er-co u pi ed ci rci t i ts r from non- 
linearities in the large-signal transformer characteristics. The 
amplifier does not contribute to the frequency distortion 
which may be introduced by other system components, such 
as loudspeaker's, phonograph pickups, or tape pickups, pro- 
vided that the frequency response of the amplifier is Hat 
over the full audio range. Phase distortion, which may be 
introduced by 1 actors such as improper placement of low- 
and high-frequency speakers, is not a major consideration 
in the design of audio power amplifiers, The ear is insensitive 
to the effects of the small audio-frequency phase shifts, 
even when the amplifier used has only moderate frequency- 
response characteristics. 

Nonlinearities in the amplifier circuit cause harmonics 
&f single- frequency signals to be generated, The total har- 
monic distortion is a measure of the magnitude of such 
harmonics in the amplifier output. If the input signal con- 
tains several frequency components, nonlinearities in the 
amplifier will result in mixing of the various input frequen- 
cies and of their harmonics to produce sum and difference 
frequencies of l\\e mixed components, hxfvrmodxdation dis- 
tortion is a measure of the effect of this mixing on the 
amplifier output. 

In general, the critical listener can perceive a total har- 
monic distortion of about 0.7 percent and can tolerate about 
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Fig. 1 , Peek transistor torrent* and peak transistor load volt- 
ages far various output powers and load resistance values. 




"TP-— 1:1 h ^- ' " ' ~~- ^^>. : 



MO 

meant HCY-Hr 



71 lOfc 2t* 



Fig, 2, The composite frequency response of the over-all audio 
system is poorer than the response of its poorest component 

2 percent, Tlie levels of perception a ad tolerance, however, 
vary with the order of the harmonic, because the ear is more 
sensitive to the higher order harmonics. For example, it is 
possible that a listener may not notice 1 percent of sec- 
ond-harmonic distortion, but will find only 0.5 percent of 
fifth-harmonic distortion objectionable, Fortunately, the am- 
plitude of the harmonic usually decreases as the order of 
the harmonic rises, and a total harmonic distortion of 0.5 
percent is an acceptable upper limit for a class-B push-pull 
output stage, which suppresses even -order harmonics. 

The sensitivity of the ear to intermodulation distortion is 
dependent upon the amplitude and the frequency of the 
individual signal components, A maximum of 2 percent of 
intermodulation distortion is satisfactory for a two-compon- 
ent test signal in which one component is about ten times 
higher in frequency and about one-quarter the amplitude 
of the other component (c<g,, 60 and 6000 Hz mixed at an 
amplitude ratio of 4 to !), The total harmonic distortion 
and the intermodulation distortion are both caused by am- 
plifier nonlinearities; as a result, when one of those types 
of distortion is low, the other type is also low. 

In common-emitter amplifiers, distortion is primarily the 
result of the nonlinear relationship between the base cur- 
rent and the base voltage (input distortion) and between 
the collector current and the base current (output distortion 



Fig. 3. Typical transistor curves showing the nonlinearities of the input, output, ana* transfer characteristics. 
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caused by nonlinear beta). These nonlinearities can he de- 
scribed in terms of tlie nonlinear relationship between the 
collector current and the base voltage nonlinear trans- 
conductance characteristics) which is useful when the 
driver stage has a low source impedance. Typical curves of 
transistor input, output, and transfer characteristics are 
shown in Pig. 3. 

CI ass- B push-pull amplifiers introduce crossover distor- 
tion, which can he highly object ion able at low signal levels* 
This type of distortion is a result of the high degree of non- 
linearity between the collector current and input voltage 
nt low collector currents. This distortion is substantially re- 
duced when the transistors in the push-pull stage are oper- 
ated with a small quiescent current (i.c^ class AB). 

At large signal levels, non linearities in transistor audio 
amplifiers result mainly from the dependence of the tran- 
sistor beta on both collector current and collector voltage 
and from signal clipping. The reduction in beta at high 
collector currents is a well-known effect conn non to all 
transistors. The beta also varies non linearly with collector 
voltage in all transistors. One advantage of the hometaxial- 
base family of transistors is that the dependence of beta on 
collector voltage is considerably less pitmonnced than that 
in comparable diffused-base transistors. Fig r 4 coin pares 
the collector characteristics of a 2N3055 hometaxial-base 
transistor and a 2N3878 cliff used-base transistor. The 
"softer" saturation characteristics of the 2N3S7S transistor 
imply that a greater nonliuearity exists between beta and 
collector voltage in diffused -base transistors than in home- 
I ox ia I -base t ransistors . 

Signal clipping occurs whenever tbe transistor in an am- 

Fig. 4. Collector characterise* of IAJ 2N3055 homeiaxial 
transistor compared wilh (B) 2N3B78 diff used-based transislor. 
In boJh Irocei rhe vertical scale is collector current (0,5 A/ 
divJ, the horizontal scale is (oILecior-to-emiHer vohage 
tl V/divJ, with four different base currents 120 mA/stepL 




36 



plificr stage is driven into saturation or, for class- A stages, 
below cut-off. In addition, distortion may he introduced in 
low-cost transformer-coupled amplifiers at large signal lev- 
els because of magnetic saturation of the transformer core 
material. 

The nonlinear input and output characteristics of a tran- 
sistor tend to compensate for each other over a range of 
collector current, as can be seen in Fig r 3, This compensatory 
effect results from the fact that the base current increases 
exponentially with base voltage and the beta decreases rap- 
idly at hijzh current levels. Optimum compensation can be 
achieved by the addition of a resistance in series with the 
base to obtain maximum linearity for the output current- 
input voltage transfer characteristics. The disadvantage of 
this technique is that a larger drive voltage is required to 
obtain the maximum output current and that because of 
variations in the characteristics of transistors , even in those 
from the same production run, it is difficult to determine the 
optimum conditions for all transistors of any given type, 

Negative feedback is the most common method used to 
reduce distortion in audio amplifiers. In general, the feed- 
back is taken from the output and returned to the input 
stage. In addition, local feedback may be employed in each 
stage. The amount of over-all feedback required is de- 
termined by the performance and stability objective for 
the amplifier. With negative feedback, the distortion can 
be reduced, under some conditions, to 0,1 percent or lower- 
An additional advantage of the negative feedback is that 
the output impedance of the amplifier can be reduced to 
it fraction of an ohm to obtain a high loudspeaker damping 
factor ( I-'--* ratio of loudspeaker impedance to amplifier 
source impedance), 

A disadvantage of the feedback is that a larger input sig- 
nal is required to obtain the rated output, Moreover, when 
local feedback is used in a stage, steps must be taken to 
insure that the reduction in distortion in this stage is not 
offset by increased distortion in the stage that drives it be- 
cause of the larger signal thnt die driving stage is required 
to supply, The feedback also either increases or decreases 
the input im peck nee of the amplifier, depending upon 
whether it is returned to the emitter or to the base of the 
common -emitter input stage that is used, 

Tnj>n1 Impedance 

In general, the input impedance of an audio power am- 
plifier must be high enough so that the characteristics of 
the preamplifier in the system are not adversely affected. 
If the input impedance of tbe power amplifier is too low, 
the output coupling capacitor of the preamplifier (for re- 
sistance-capacitancc-coupled stages) may have to be ex- 
cessively large so that the low-frequency response of the 
system will not be degraded. Moreover } for the same input 
voltage, tbe input current of the power amplifier will be 
larger because of the lower input impedance. Additional dis- 
tortion may then be introduced into the preamplifier be- 
cause of excessive loading by tbe power amplifier. For good- 
quality audio power amplifiers, typical values of input im- 
pedance range from approximately 5000 obms to 100,000 
ohms depending upon the capability of the signal source that 
is used. 

Vol rage Scnsilivily 

The characteristics of the preamplifier also dictate the 
voltage sensitivity required of the audio power amplifier. 
Although a few high-quality preamplifiers have been de- 
signed which provide signal outputs of several volts, output 
levels in the range of 0,5 to 1-0 volt are more typical. Audio 
power amplifiers having a sensitivity such that the rated 
power output is obtained for an input of 0,5 volt and having 
an input impedance of 10,000 ohms are, therefore, com- 
patible with many {Continued on prtge 67) 
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1966 POLAROID LAND 
PHOTOGRAPHY 

If you own o Poloroid Land camera, or are 
in the market for one, sign up now lor the 
most important "excursion'' of your picture- 
Joking career. An exciting tour through the 
miraculous world or "infant"' pictures. 

Your guide b the all-new 1966 edition of 
POLAROID LAND PHOTOGRAPHY — the 
only comprehensive ana 1 up-So-dote hand- 
book on ihe subject. The one knowledge- 
oble guide that deliver the skill ond know* 
how for the most rewarding Polaroid Land 
photographs you've ever taken! 

Your tour begins the moment you open your 
copy , . . with a defailea inspector of every 
Polaroid Land camera in existence, includ- 
ing the swingin' "Swinger" and the fabulous, 
new Model 160, plus the complete line or 
accessories and film , . . next, a valuable 
course [n photography basics and technique 
. , . an important discussion on Om02ing 
Polacolor . . . followed by 77 fascinating 
uses for Poforoid Land photography. 

PLUS— gallery after gallery of mas- 
terful, enchanting Polaroid Land 
photographs — including 16 eye- 
opening pages in glorious color. 

All in all, 1 16 facf-and-phoio- packed pages 
of the most extensive, authoritative, impor- 
tant-to-you information available. Sign op 
today. J l st c' □ ♦■to coupon below and re- 
turn it with your remittance, $1.25 

Also Available —AN EXQUISITE LEATHER FLEX- 
BOUND EDITION * * * for just $3 POSTPAID! 



Ziff-Dcivis Service Division * Dept, PLP | 

589 Broadway « New York, N.Y. 1001 2 | 

YES! Send me a copy of the 1966 POLAROtD ! 

LAND PHOIOGKAPHY, as checked below: j 

□ encloied, plus ^5^ for shipping tW I 

handling. Send me the rector edition ($1 .50 I 

for orders outside ihe U.S,A.) ( 

Q S3.Q0 enclosed. Send me the Deluxe Leather - ! 

flex-bound edition, postpaid. {$3 T 7J for order* I 

oulside the U.S.A.) Allow ihree additional J 

Week, Jar delivery. . 

ranie plsoi* pnnt \ 

oddress 



j cilv itale jFp code | 

I I 

'-PAYMENT MUST BE ENCLOSED WITH ORDER, J 

September, 1 966 



I Designing Transistor Amps 

(Continued frtnn pugv 2fi) 

prfiirnplifipr dosfe'is fn common ust\ 
For mvmisctl sensitivity, Hu- |v»vvc.i- 
iiiiiplifici' Tiit it will f Vt^iiic utl\ contain 
or hvn stages of' voltatfr iimplificii- i 
I, ion pivt-eflirm Y\w output The 
power amplifier may also he driven 
directly from a cMiunie plirmngrupli 
pickup (us is done in same inexpensive 
table-top audio systems) ; up to two 
volts of input drivo may then Uv avail- 
able at the input of tlie amplifier. For 
operation in this way. however, the in- 
put inipednnce of the power amplifier 
should he at least 100,00(1 ohms and is 
usually 1 megohm or greater. 

Hum and Xcu^e fj^vel 

The hum level is substantially lower 
in transistor amplifiers than in tube am- 
plifiers, because there is no heater sup 
ply to act as a source of the hum, More- 
over, it is relatively easy to filter the 
ripple from transistor vol ta^e-am pi i fit -r 
stages, because the current levels arc 
lov%\ Some precautions are necessai v 
however to isolate the collector-supply 
ripple Irom the emitter-base terminals 
nf each stage. Techniques used for this 
purpose are to be discussed in a later 
section. 

The statistical nature of current flow 

, through transistors, the presence of 
transistor and circuit resistance, and 
transistor surface phenomena, all result 
in noise sources in the amplifier. This 
noise is most serious in high -gain pre- 
amplifiers, where signal voltage may he 
only a few millivolts. The problem is 
much less severe for power amplifiers, 
because of the larger available signal 

j voltage. It is necessary, however, to as- 
sure that the [lower amplifier does not 
cootrihute to the over-all system noise 
level. A ooise level of 50 dtt below I 
wall is sufficient, aod levels of GO to 70 

idB below 1 watt are not difficult to 
achieve in a well -designed power am- 
plifier. For example, the equivalent 

i noise voltage for an amplifier hav ing 
an input resistance of 10,01)0 ohms and 
a bandwidth of 20 kHz is less than 2 
microvolts. This v alue is negligible com- 1 
pared to the input voltage required for 
normal, or even quiet, listening levels 
about 50 jiV) . 
Next month's installment will cover 

■ various circuit configurations that arc 
used while the concluding article will 
give some general conditions for con- 
servative design and vviJJ include some 
practical circuits and show their per- 
formance. These particular circuits are 
for a ]0-.vaEt, for a 25-watt, and for a 
70- watt audio power amplifier. These 
output powers are for a single channel 
of amplification, 

(C{titfiuucd Ncxf Mottth) 



ASSEMBLE YOUR OWN 
ALL-TRANSISTOR 

ELECTRONIC ORGAN 




tor Schober 
Recital Mndel * ,* tliv most versatile cleclronic 
or gun mailable today* lis 32 toiccs (plus maz- 
ing ** Library of Stops")* 6 couplers and 5 pitch 
rej-islers delight! profession a I musicians.* ,m**ke 
learning easy for beginners. Comparable to 
rvudy-hoilt organs selling from $5000 to $6000. 

The pride ami satisfaction of building one of 
thcM? most pipe-like of electronic organs can 
now be yours ,,, starting for as low as $550. 
The Schober Spinet, only 39'/* inches wide, fits 
into the smallest living room. The new, jII- 
transisior Schuber ConsLiJettc II is the aristocrat 
of L home-si7e r organs , , , with two fail 61-note 
manuals, 17 pedals* 22 stops and coupler, 3 
pitch registers and authentic theatre voicing, 

AND YOU SAVE 50% OR MORE BECAUSE YOU'RE BUYING 

DIRECTLY FROM THE MANUFACTURER 
AND PAYING ONLY FOR THE PARTS, NOT COSTLY LABOR. 

If* easy in assemble a Schober Organ* No spe- 
cial skills or experience needed. No technical 
or musical knowledge either. Everything you 
need is furnished, including the know-how. You 
supply only simple hand tools and the time. 

You can bay (be organ section by section , r r so 

you needn't spend the whole amount at once. 

You can bejiin playing in an hour* even if 
you've never played before— with the ingenious 
Pointer System, nv;uhible from Schober. 

Thousands of men and women teenagers, too 
- have already assembled Schober Organs. 
We're proud to say that many who could 
afford to buy any organ have chosen Schober 
because they preferred it musically. 

Send fur our free Schober Booklet* describing 
in detail the exciting Schober Organs and op- 
lion u f accessories; it includes a free 7- inch "sam- 
pler* record so yon can hear before yon buy. 




4,1 West 61st Si reel, New York. M,Y. 10023 



Also itvii ilLihlc in Canada. Australia Hn»£ Koiui, 
Mexico, Pueno Rkn. mnl ihe United Kingdom 

I 1 

| THE SCHOBER ORGAN CORP*, DEPT*RN-45 I 

| 43 West Street, New York, N,Y, 1Q023 | 

I □ Please send me FREE Schober Booklet I 
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PART 2. CIRCUIT CONFIGURATIONS 

Designing Silicon-Transistor 
Hi-Fi Amplifiers 

A number of basic circuit configurations for readily 
available silicon poire r transistors^ along with their 
comparative operating characteristics, are covered. 



By R.D. GOLD and J.C. SON DER MEYER 
RCA Electronic Components & Devices 

LAST month we covered the performance objectives in 
designing hi-fi power amplifiers using silicon transis- 
J tors. In this installment we will go into the circuit 
configurations that are used in such amplifier designs. 

The type of circuit configuration selected will he dictated 
by the requirements of the given application. The output 
power to he supplied, the required sensitivity and frequency 
response, and the maximum distortion limits, together with 
the capabilities and limitations of available devices, are the 
main critera used to determine the circuit that will provide 
the desired performance most efficently and economically, 

Cla»£-A Transformer-Coupled Amplifiers 

Low -cost, low-power audio systems, in which high oper- 
ating efficiency is not an important consideration, usually 
employ a single-ended, class- A, transformer-coupled output 
stage, such as that shown in Fig. L One or more driver 
stages, negative feedback from the output stage to the input 
stage, and other features may also be necessary to obtain the 
desired circuit sensitivity, input impedance, and distortion 
characteristics. 



i 




Fig, 1, Class-A trani- 
former-coupled stage. 



Fig. 2< Trwee-stage, transformer-coupled, class-A amplifier, 
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Fig* 2 shows a three-stage, class-A, transformer-coupled 
audio amplifier which uses d.c. feedback (coupled by Rl, 
A3, R4, and CI) from the emitter of the output transis- 
tor to the base of the input transistor to obtain a stable oper- 
ating point. An output capability of 5 watts, with 3 percent 
of total harmonic distortion, is typical for this type of cir- 
cuit, This output level, in general, is the upper limit for 
class-A amplifiers because the power dissipated by the out- 
put transistor in such circuits is more than twice the output 
power. For this reason, it is economically impractical to use 
a class-A audio amplifier to develop higher levels of output. 

Class- AB Pueh-Pull Amplifiers 

At output -power levels above 5 watts, the operating effi- 
ciency of the circuit becomes an important factor in the de- 
sign of audio power amplifiers. The circuit designer may 
then consider a class-A B push-pull amplifier for use as the 
audio output stage. In such amplifiers, the operating effi- 
ciency is high (up to 78 percent), the power dissipated by 
the transistors under quiescent conditions is low, and, with 
the transistor operated class-AB (rather than class-B), cross- 
over distortion is essentially eliminated, 

Fig* 3 shows a class- A B, push-pull transformer-coupled 
audio output stage, Resistors Rl t R2 r and K3 form a volt- 
age divider to provide the small amount of transistor for- 
ward bias required for class-A B operation, The transformer 
typo of output coupling used in the circuit is advantageous 
in that a suitable output transformer can be selected to 
match the audio system to any desired load impedance, 
which assures a maximum transfer of the audio on t put 
power to the load circuit. This feature is especially impor- 
tant in sound distribution systems which use high-imped- 
ance transmission lines to reduce losses. Transformer output 
coupling has a major disadvantage in that it tends to limit 
the amplifier frequency response, particularly at the low- 
Fig. 3* Class-AB, push-pull, ironsformer-coupled output stoge. 




3* 



ELECTRONICS WORLD 



wvvw.amencanradiohistorv.com 




Fig. 4. Sam* as Fig. 3 extept that Darlington pairs ore em* 
ployed to reduce drive requirements of output transistors, 

frequency end. Variations in transformer impedance with 
frequency may produce significant phase shifts in the sig- 
nal at both frequency extremes of die amplifier response. 
Such phase shifts are potential causes of amplifier instability 
if tliey occur within a feedback loop, because of the high 
cost of audio-output transformers having a broad, flat fre- 
quency response, high-quality wideband transformer-cou- 
pled amplifiers cannot usually be realized economically. 

Push-pull output stages, which use identical output tran- 
sistors, require some form of phase inversion in the driver 
stage- In the circuit shown in Fig 3, a center-tapped driver 
transformer is used for this purpose* The requirements of 
this transformer depend upon the power levels involved, the 
I jand width required, and the distortion that can be toler- 
ated. This transformer also introduces phase-shift problems 
which tend to cause instabilities in the circuit when high 
levels of feedback are employed. These problems are sub- 
stantially reduced when the output stage is designed to 
operate at low drive levels. 

Fig. 4 shows a Darlington-pair output circuit used to re- 
duce the drive requirements. Resistors Rl and R2 provide 
a leakage path for the driver and also permit the output 
transistors to turn off move rapidly. Impedance levels be- 
tween the class -A driver and the output stage can be easily 
matched by the use of an appropriate transformer turns 
ratio, regardless of whether a Darlington-type of circuit is 
used. However, care must be taken to insure that bum pick- 
up by the transformer is not excessive, especially when the 
Darlington circuit is used, because of its high gain. 

An alternative method of phase inversion is to use a tran- 
sistor in a phase-splitter circuit, as shown in Fig. 5 A. Unlike 
the center-tapped transformer method, impedance match- 
ing may be a problem, because the collector of the driver, 
which has a relatively high impedance, operates into the 
low impedance of the driver stage- One solution is to re- 
duce the output impedance of the driver stage by using 
smaller resistors- The resultant increase in collector current, 
however, also increases the dissipation. Moreover, very 
large coupling capacitors would be necessary to obtain good 
low -frequency performance. An alternate solution is to use 
a Darlington pair to increase the input impedance of the 
output stage. 

Cla^-AB Series-Output Amplifiers 

For applications in which low distortion and wide fre- 
quency response are major requirements, a transformerless 
approach is usually employed in the design of audio power 
anvplifiers. With this approach* the most common type of 
circuit configuration used is the class- Ah series -output am- 
plifier in which two transistors are connected in series with 
the supply voltage and the load is connected to a common 
circuit point between these transistors, The series-output cir- 
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Fig. 5. (A) Tronshtor phase-splitter circuit. (B) Series- 
output circuit operated from single d.c. power suppJy. tCI 
Series-output circuit operated from opposite-polarity supply. 
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Fig. 6. Push-pull series-output amplifier with split- secondary 
transformer used to provide the drive-signal phase inversion. 



cuit may be operated from a single d.c. supply, in which 
case, the output is coupled to the load through a capacitor, 
as shown in Fig. SB. Alternatively, the circuit may be oper- 
ated from symmetrica] dual (positive and negative) sup- 
plies, as shown in Fig. 5C. An advantage of the dual-supply 
arrangement is that there is no output coupling capacitor to 
limit the low -frequency response. More important, the low- 
frequency phase shift usually associated with such capaci- 
tors is eliminated, The requirement for two separate sup- 
plies does not necessarily increase the over-all cost of the 
system depending upon the choice of time constants of the 
power-supply filters. But additional problems may arise. 

Push-Put f Driven Circuits: The class-AB -opera ted n-p-n 
transistors used in the series-output circuits of Figs. 5B anil 
5C require some form of phase inversion of the drive signal 
for push-pull operation, A common approach is to use a 
d ri ver t ra nsf o rm e r ha vii 1 g split secoi id a ry wi n d i n gs , as 
shown in Fig. 6. The split (separate) secondary windings 
are required because of the mode in which each of the 
series output transistors operate. If ground were used as the 
drive reference for both secondary windings, transistor Ql 
would operate as an emitter-follower and would provide 
somewhat less than unity gain. Transistor Q% however, is 
connected in a common -emitter configuration which can 
provide substantial voltage gain. In order to obtain equal 
output-voltage swings in both directions, the drive input to 
transistor Ql is applied directly across the base and emitter 
terminals- Transistor Ql is then effectively operated in a 
common-emitter configuration (although there is no phase 
reversal from input to output) and has a voltage gain that 
is equivalent to that of transistor Q2. 

The disadvantages of a driver transformer pointed out 
previously also apply to the circuit shown in Fig. 6. In addi- 
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lion* coupling through in tor-winding capacitances can ad- 
versely atl'ect the performance^ the circuit. Such coupling 
is particularly serious because at both ends of the upper 
secondary (Lc^ terminals 1 and 2) the a.c. voltage with re- 
spect to ground is approximately equal to the output volt- 
age. During signal conditions when output transistor k 
turned on, this coupling will provide an unwanted drive to 
Q2. The forward transistor bias required to maintain class- 
All operation of the circuit is provided by the resistive volt* 
age divider Rl, H2 y ft 3, and R4. These resistors also assure 
that the output point between the two transistors (point A) 
is maintained at one-half the d.c. supply voltage, V„. 

As in the case of the transformer-coupled output, phase 
inversion can be accomplished using an additional transis- 
tor. Fig. 7 shows such a circuit, in which a Darlington out- 
put stage is used to minimize loading on the phase inverter. 
Notice that capacitor C provides a drive reference hack h> 
the emitter of the upper output transistor. In effect, this 
duplicates the drive conditions of the split winding trans- 
former approach. A disadvantage of this circuit is the liigb 
quiescent dissipation of the phase inverter (Ql) which is 
necessary to obtain adequate drive at full power output, An 
mi bypassed emitter resistor (ft) is necessary because a sig- 
nal is derived from this point to drive the tower output tran- 
sistor. When transistor Ql is driven into saturation, the 
minimum col lector-to-g round voltage that can l>e obtained 
is limited primarily by the peak emitter voltage under these 




Fig. 7* Push-pull series-output qmpNfitr in which driver and 
output transistors are connected os Darlington pair* and drive- 
signal phase Inversion it provided by phase-splitter stage 0 1 , 



conditions. In order to obtain the necessary voltage swing at 
this collector (which is also approximately equal to the out- 
put voltage swing), the quiescent u>llcetor-to-emitter volt- 
age must be higher than that required in a stage that uses 
a bypassed emitter resistor. 

Complementary Amplifiers: With a complementary pair 
(n-p-n and p-n-p) of output transistors, it is possible to de- 
sign a series-output type of audio power amplifier which 
does not require a push-pull drive, because phase inversion 
is unnecessary with this type of configuration, the drive cir- 
cuit for the amplilicr is considerably simplified. Fig* HA 
shows a basic complementary type of series-output circuit 
together with the simple drive arrangement that may be 
used. The vnllage drop across resistor l{ provides the small 
amount of forward bias required for el ass- A b operation of 
the complementary pair of output transistors. 

Hat her than the use of complementary high -power out- 
put transistors, a more common approach is the quasi-com- 
plementary circuit shown in Fig, Sb. In this circuit, the 
driver stage employs a complementary pair of n-p-n and 
p-n-p transistors. This technique has become very popular 
with the availability of both n*p-n and p-n-p silicon driver 
transistors having similar electrical characteristics. 

In the quasi-complementary amplifier, the driver tran- 
sistors provide the necessary phase inversion* A simple but 
dcscriplivc way to analyze the operation of a quasi-com- 
plementary amplifier is to consider the result of connecting 
a p-n-p transistor to a high-power n-p-n output transistor as 
shown in Fig, 8C. The collector current of the p-n-p tran- 
sistor becomes the base current of the «*/>-» transistor. The 
n-p-n transistor, which is operated elleelively as an emitter* 
follower, provides additional current gain without inversion. 
If the emitter of the n-p-n transistor is considered as the 
"effective" collector of the composite circuit, it becomes 
apparent that the circuit is equivalent to a high-gain, high- 
power p-n-p transistor. The output characteristics of l lie 
p-n-p circuit of Fig. SC and of a high-gain, high-power 
n-p-n circuit formed by the connection of the same type of 
n-p-n output transistor and an n-p-n driver transistor in a 
Darlington configuration, as shown in Fig- SO, arc com- 
pared in Fig. 0. 

The saturation characteristics of the over- a 11 circuit in 
both eases is the combination of the base-to-cmitter voltage, 
W, of the output transistor plus the collector saturation 
voltage of the driver transistor. Moreover, in both cases, 
the current gain is the product of the individual hettts of 
the transistors used. A quasi< i n mp lenient a ry amplifier is, 
therefore, effectively the same as a simple complementary 
output circuit such as that shown in Fig. o\V and is 
formed by the use of high-gain, high-power n-p-n atid p-n-p 
equivalent transistors. In both cases, resistor ft between the 
emitter and base nf the output Iran* (Continued on pttge S) 1) 



Fig. 8. (A) Bosk complementary type of series-output amplifier, IB) Quoti-complementcry omplifier. (O The "p-n-p" driver and 
"n-p-n' 1 output lion si it or form the equivalent ol o "p-n-p" power transistor. 10) An ,J n-p-n" driver and "n-p-n" transistor pair. 
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Silicon-Transistor Amplifiers 

(Continue! from page 36) 

sistor reduces its storage time ami also increases the effec- 
tive- breakdown voltaic from its V 7 rA . N1 , lf ,j value to its 
VrER<**,t value. 

A typical quasi-complementary amplifier is shown in Fig. 
10. Capacitor C performs two functions essential to the suc- 
cess! "ul operation of the circuit. First, it acts as a bypass to 
decouple any power-supply ripple from the driver and p re- 
driver stages. Second, it is connected as a "bootstrap" ca- 
pacitor to provide the drive necessary to pull the upper Dar- 
lington pair of transistors into saturation. This latter function 
results from the fact that the stored voltage of the capacitor, 
with reference to the output point 1< A'\ provides a higher 
voltage than the normal collector supply voltage to drive 
transistor Q2, This higher voltage is necessary dnrmg the 
signal conditions that exist when the upper transistors are 
being turned on, because the emitter voltage of transistor 
Q2 then approaches the normal supply voltage and the base 
voltage must be increased above this level in order to drive 
the transistor into saturation, 

Resistor HI provides the necessary d,c, feedback to main- 
tain point "A" at approximately one-half the nominal sup- 
ply voltage- Over-all a.c. feedback is coupled from output to 
input by resistor H2 to reduce distortion and to improve 
lo\ v- f requ ency per f oni i a u ce. 

As previously indicated, series-output circuits can be em- 
ployed with separate positive and negative supplies, and no 
series output capacitor is then required. The elimination of 
this capacitor may result in an economic advantage, even 
though an additional power supply is used, because of the 
size of the series output capacitor necessary in the single- 
supply case to obtain good low-frequency performance 
(e.g., a 2000-/P.F capacitor is required to provide a 3-d B 
point at 20 Hz for a 4-ohm load impedance). Split sup- 
plies, however, do pose certain problems which do not 
exist in the single-supply case. The output of the amplifier 
must be maintained at zero potential under quiescent con- 
ditions for all environmental conditions and devices pa- 
rameter variations, Also the input ground reference can no 
longer be at the same point indicated in Fig. 10, because in 
a dual-supply system, this point is now at die negative sup- 
ply potential. 

If the ground-point reference for the input signal were to 
be the common point between the split supplies, any ripple 
present on the negative supply would effectively drive the 
amplifier through transistor {)l y which would operate as a 
common-base amplifier with its base grounded through the 
effective impedance of the input signal source. To avoid this 

Fig. 9. Composite output V-l characteristic of Fig. SB circuit, 
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condition, tbo amplifier must include an lulditional p-n-p 
transistor as shown in Fig, II, This transistor (Q(y) off ac- 
tively reduces the J rive effects of the negative supply ripple 
been use the high collector impedance (1 megohm or high- 
er) it presents to the base of transistor (>1 ellcetively iso- 
lates the input source impedance from transistor Ql. In 
practice, transistor Ql may be replaced by a Darlington 
pair in order to reduce the loading effects on the p-t\-p pre- 
dii\cL\ 

Negative d.c> feedback is applied from the output to the 
input stage by /it, H2, and CI, to maintain the output at 
essentially zero potential (Actually, the output will be 
maintained at approximately the forward biased base-emit- 
ter voltage of transistor Q(\ which may be objectionable in 
some cases, but this can be eliminated as will be shown 
subsequently. ) Capacitor CI effectively by passes this feed- 
back at all signal frequencies. Resistor R3 provides a>c, feed- 
back to reduce distortion in the amplifier, 

In next month's concluding installment, we will present 
some practical amplifier circuits and show their level of 
performance* 

{Concluded Next Month) 




Fig, TO, A rypicol quasi-complementary audio power amplifier 
which is here shown operating from a single a*.c. power supply. 

Fig. 1 l h Quo si -complementary amplifier operating from positive 
and negative supplies. The "p-n-p" transistor in input stage 
is required to prevent rippfe component from driving amplifier. 




BIGGER . . . BETTER 
THAN EVER! 



m;i;: 



SEND TODAY FOR YOUR NEW 

40th ANNIVERSARY 
1967 CATALOG 




YOUR MJYJItt GUIDE FOR 

• Stereo & Hi-Fi Systems tj Compo- 
nents 

• Tape Recorder; 

• Electronic Ports, Tubes, Took* 

• Phonos & Records. 

• Cameras and Film. 

• Public Address 

• Citizens Bond. • Ham Geor. 

• Tronsistor 6 FM-AM Rodios. 



352 GIANT VALUE 
PACKED PAGESI 



BURSTtlN-A PPLEBEE CO. 



Dept. EW, 1012 McGee, Kansas Cify, Mo. 44106 

□ Rush me the FREE 1967 B-A Catalog 



Stale , Zip Code..... ....„.„„.„, 

CIRCLE NOT 11 9^0N REA D ER S ER V I C E~~ CA R~ &" 




ARE YOU CASMNG-IN 
ON THE PROFITABLE s ff 
2-WAY RADIO SERVICE BUSINESS? 

* Motorola witl Irani you for this rewarding, elite profession 

* Send for our FREE EVALUATION EXAM. Prove to yourself that 
you are ready to learn FM 2-way radio servicing. 

Opportunities in 2way radio servicing are virtually unlimited. 
■ Just one of the hundreds of successful Motorola Service 
Stations writes, "we would be pleased to interview any graduate 
of your school that has received some training in 2 way radio 
maintenance. We are an established firm, 10 years old, with 
a promise of expansion governed by our ability to obtain com- 
petert technicians 1 ■ Get all the facts today* There is no 
obligation and no salesman will call. 



TRAINING INSTITUTE 

4S45 Wilt Augusta Blvd. • Chicaf d 51. Illinois - Dtpl. AEF &37 

□ Send me FREE entrance exam. 

□ Send full details on Home Study Course on FM 2way Radio 
Servicing 

□ Send me departs on how you cart help me prepare for an FCC 
L tcense. 

N ama _ . Qccu patio n . 

Add ress_ ____ 

City__ . 



-Zone^ 



_Sia(e 



October, 1 9o6 



CIRCLE NO. 92 ON READER SERVICE CARD 



J 

95 



www.americanradiohistorv.com 



PART 3. PERFORMANCE OF PRACTICAL CIRCUITS 

Designing Silicon -Transistor 
Hi-Fi Amplifiers 

General considerations for conservative design using readily 
available silicon power transistors. Practical circuits of 10-, 
25> and 70-uatt amplifiers and their performance are given. 



By R.D, GOLD and J.C, SONDERMEYER 
RCA Electronic Components & Devices 

IN addition to the consideration that must be given to 
the achievement of performance objectives and the 
selection of the optimum circuit configuration (dis- 
cussed in the previous two parts of this series), the circuit 
designer must also lake steps to insure reliable operation 
of the audio amplifier under varying conditions of signal 
level, frequency, ambient temperature, load impedance, 
line voltage, and other factors which may subject the 
transistors to either transient or steady-state high stress 
levels. Some of these steps are relatively straight forward. 
For example, it is necessary to insure that the power dissi- 
pation ratings are not exceeded at high line voltage and 
under worst-case signal conditions. For class-A amplifiers, 
the maximum power dissipation occurs at zero* signal. For 
an ideal class-B push-pull stage, maximum power dissipa- 
tion occurs when the drive signal is 64 percent of that 
required for maximum output power. The corresponding 
output power for this condition occurs at 42 percent ol the 
maximum output power, and the dissipation in each tran- 
sistor is 20 percent of the maximum power output. Also, 
for class-AB transformer-coupled amplifiers, the appropri- 
ate transistor breakdown -volt age rating must be greater 
than twice the dx\ collector voltage that is employed. 

Thermal Stability Requirements 

One serious problem facing the design engineer, not only 
in the quasi-complementary circuit but in all the circuits 
thus far discussed, is the ability to design a circuit which is 
thermally stable at all temperatures to which the amplifier 
might be exposed. Ideally, the quiescent current of an out- 
put stage should remain constant at all temperatures of 
interest. At low current levels however* the base-to-emitter 
voltage (W;) of a transistor decreases with increases in 
the junction temperature for a given collector current (],■)• 
If V™ is held constant, then / ( will increase as the tem- 
perature rises. This behavior may lead to thermal run- 
away. 

The effect of increasing temperature on collector current 
can be reduced by the use of an emitter resistor which will 
provide some local d.c. feedback. At high signal levels, 
the over-all saturation voltage of the device will be in- 
creased because of the voltage drop across this resistor- 
One solution to the saturation-voltage problem is to bypass 
the emitter resistor with a capacitor. In high-power ampli- 
fiers, however, the emitter resistors employed usually have 
a value of about 1 ohm, and the size of the capacitor re- 
quired to bypass the emitter adequately at all frequencies 
of interest makes this approach economically impractical, 
A more practical solution is to increase the value of the 
emitter resistor and shunt it with a diode- With this tech- 
nique, sufficient degeneration is provided to improve cir- 
cuit stability, but the maximum voltage drop across the 

Novombir, 



emitter resistor is limited to the forward voltage drop of 
the diode. 

Thermal stability can be further improved by the addi- 
tion of devices such as thermistors or bias diodes, the 
characteristics of which are such that they will tend to 
reduce the base drive voltage of the output transistor as 
temperatures rise. When these types of devices are used, 
it is possible to reduce or even eliminate emitter networks 
completely and thereby to reduce substantially the circuit 
losses at high power levels. It is interesting to note that a 
simple emitter diode itself will provide some improvement 
in circuit stability. The static resistance of a diode is 
fairly high at low currents (about 30 ohms at 20 milli- 
amperes for a 1X1612). A disadvantage of this technique 
is that the forward voltage drop of this diode decreases with 
increasing temperature and, therefore, reduces the stabi- 
lizing effects of the high dynamic resistance. 

It should be noted that at high current levels, the base- 
to-emitter voltage of silicon transistors increases with a 
rise in the junction temperature. This characteristic is the 
result of the increase in the small base resistance that is 
produced by the rise in temperature. The increase in base 
resistance with temperature has two beneficial effects: 
First, it belps to stabilize the transistor against thermal 
runaway because higher temperatures now require an in- 
crease in VttE to cause an increase in /,■, Second, the in- 
creased resistance causes a portion of the transfer char- 
acteristic to be linear. A lower distortion is therefore 
possible at high temperatures. 

The quasi-complementary amplifier shown in Fig. 1 in- 
corporates the stabilization techniques just described. A 

Fig. 1. Quosi-complemantory ompliFter with compensating diodes. 
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Fig, 2. Note food-line shift at vary tow operating frequency. 
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Fig. 3. \A\ Output circuit which h overdriven. IBI Transistor 
A co I lector- current waveform, fC) Load line of circuit shown 
at operating frequency of 100 kHz and power output of 30 walls, 

resistot -diode network is used in the emitter of transistor 
Q3, and anot Iter such network is used in the collector of 
transistor p5. 

Previous discussion regarding the p-ti-p driver and n~p-n 
output combination (Q3 and Q5) revealed that the col- 
lector of tlie output device becomes the "effective" emitter 
of the high -gain, high-power p-tt-p equivalent t and vice 
cer.vfl. Therefore, in order to provide maximum operating- 
point stability, the diode- resistor network should he in the 
Vflective" emitter of the p-n-p equivalent. Most quasi- 
complementary circuits employ the stabilization resistor in 
the emitter of the lower output transistor and thus do not 
improve the operating-point stability of the over-all circuit* 
The resistor, however, does provide some protection against 
thermal runaway of tlie lower output transistor, Such pro- 
tection may be necessary unless il is provided by other 
means. 

Tlie circuit shown in Fig. 1 is biased for class- A b oper- 
ation by the voltage obtained from the forward drop of 
two diodes, Dl and D2, plus the voltage drop across 
potentiometer R, which affords a slight adjustment in the 
value of the quiescent current. The current necessary to 
provide this voltage reference is the collector current of 
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driver transistor The diodes may be thermally con- 

nected to the heat sink of the output transistors so that 
thermal feedback will be provided to further improve 
thermal stability. Because the forward voltage of the 
reference diodes decreases with increasing temperature, 
these diodes effectively compensate for the decreasing V ilK 
oi the output transistors by reducing the external bias ap- 
plied. In this way, the quiescent current of the output 
stage can be held relatively constant over a wide range of 
opera t ii 1 g tempera t u res, 

Tlie value of the transistor operating parameters that af- 
fect thermal stability can be calculated to insure freedom 
from thermal runaway. In these calculations it should be 
realized that the temperature-dependent collector leakage- 
current limit specified by the transistor manufacturer ac- 
tually consists of two components. One is related direct! v 
to the collector junction saturation current and r* a strong 
function of temperature* In silicon transistors, this compo- 
nent is approximately doubled with each 7° C rise in junc- 
tion temperature. At room temperature, however, it is on 
the order of only a few nanoaniperes, so that a rise in case 
temperature of 140° C will cause the saturation current to 
rise only a few milliamperes. 

The other component of collector leakage current is a 
surface leakage which is relatively independent of tempera- 
ture. In tact, this leakage component may decrease as 
the temperature increases. The value of total leakage cur- 
rent specified by the transistor manufacturer is the 
sum of these two components. If the specified value is on 
the order of a few milliamperes, it will remain substantial- 
ly constant with temperature. For example, in the pub- 
lished data for the ftCA-40363, is given as 0.5 mi)- 
liampere (maximum) at 1\ = 150° C. The transistor is, 
therefore, quite stable thermally with respect to any changes 
that might occur in the amount of leakage current. 

Effects of Large Pha^e Shifts 

Hie frequency- response characteristic is an important 
factor with respect to the ability of the amplifier to with- 
stand unusually severe electrical stress conditions. For ex- 
ample, under certain conditions of input signal amplitude 
and frequency, the amplifier may break into high-fre- 
quency oscillations which can lead to destruction of the 
output transistors, the drivers, or both. This condition is 
particularly a problem in transformer-coupled amplifiers 
because the characteristics of transformers depart from the 
ideal at both tow and high frequencies. The departure 
occurs at low frequencies because the transformer induc- 
tive reactance decreases and, at high frequencies because 
the effects of leakage inductance and of transformer wind- 
Fig, 4. Push-pull power amplifier with shorl-tirtuit prot&ttion. 
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Fig. 5. Circuit diagram and performance of 10-watl amplifier 
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ing capacitance become appreciable At both frequency 
extremes, the effect to introduce a phase shift between 
input and output vol tape. 

Negative feedback is used almost universally in audio 
amplifiers, and the voltage coupled back to the input by 
the feedback loop may cause the amplifier to be potentially 
unstable at some frequencies, if the additional phase shift 
is sufficient to make the feedback positive- Similar effects 
can occur in transformerless amplifiers because reactive 
elements, such as coupling and bypass capacitors, transistor 
junction capacitance, stray wiring capacitance, and in- 
ductance of the loudspeaker voice coil, are always present. 
The values of some of the reactive elements (e.g., transis- 
tor junction capacitance and transformer inductance as the 
core nears saturation) are functions of the signal level, and 
coupling through wiring capacitance and unavoidable 
ground loops may also vary with the signal level As a re- 
sult, an amplifier which is stable under normal listening 
levels may break into oscillations when subjected to high- 
level signal transients. 

A large phase shift is not only a potential source of 
amplifier instability, but also results in additional transistor 
power dissipation and increases the susceptibility of the 
transistor to forward -bias second -breakdown failures. The 
effects of large signal phase shifts at low frequencies are 
illustrated in Fig. 2, which compares the load-line charac- 
teristics of a transistor in a class- A li push-pull circuit, simi- 
lar to that shown in Fig. 1, for signal frequencies of 1000 



Fig. 6, A 25-wott OnC./d.c, transformer-coupled amplifier. 
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Hz and of 5 Hz + The phase shift is caused primarily by the 
output capacitor, In both cases the amplifier is driven very 
hard into saturation by a 5- volt input signal. The increased 
dissipation at 5 Hz compared to that obtained at 1000 Hz 
results from simultaneous high-current and high-voltage 
operation. The transistor is requited to handle safely a cur- 
rent of 0.75 ampere at a collector voltage of 40 volts for an 
equivalent pulse duration of about 10 milliseconds; it must 
he free from second breakdown under those conditions of 
operation. 

Excessive Drive Levels 

Simultaneous high-current and high-voltage operation 
may also occur in class-B amplifiers at high frequencies 
when the amplifier is overdriven to the point where the 
output signals are clipped. For example, assume that the 
input signal applied to the series-output push-pull circuit 
shown in Fig- 3 A is large enough to drive die transistors into 
both saturation and cut-oil'* During a portion of the input 







1 




























S 





















FREQUENCY ■ 

I ei 



10* Z0h 



INPUT @~i 




s 

J . z 

v- 































-— z 









1 0L 

zc 



ICS 



FREQUENCY— Hi 
I C 1 



10k 20R 



k ? 



FRE0UENCY-4O0HI 



























































SEC "MP. 



20 SO 40 SO 

Output power-watts 

to J 



November, 1 966 



£0 



A9 



w^w.americanradiohistorv.com 



cycle, therefore, transistor A will be driven into sutiimliim, 
and transistor B will be cut off. Fig. 3B shows the col lector- 
em rent waveform for transistor A under these conditions. 

During the interval from 12 to t3, transistor A operates 
in the saturation region, and the output voltage is clipped. 
The effective negative feedback is then reduced because 
the output voltage does not fallow the sinusoidal input 
signal. Transistor A, therefore, will be driven even fur- 
ther into saturation by the un attenuated input signal. 
When transistor B starts to conduct, transistor A cannot be 
turned off immediately because the excessive drive has 
resulted in a large storage time. As a result, transistor B is 
required to support essentially the full supply voltage (less 
only the saturation voltage of transistor A and the voltage 
drop across the emitter resistors, if used), as its current is 
increased by the drive signal. For this condition, a large 
input signal is required when the frequency is high enough 
so that the storage time is greater than one-quarter cycle/ 

Fig, 3C shows the type of load line obtained under such 
conditions. The duration of the high-current, high- voltage 
condition is usually short enough so that forward-bias sec- 
ond breakdown does not occur. For example, the load line 
shown is for a 2N387S transistor operated at a frequency 
of 100 kHz; no second breakdown failure occurred. 

Transistor A io Fig t 3 A is also subject to forward-bias 
second breakdown if the (I.e. supply voltage and a large 
input signal are applied simultaneously, because of the 
charging current through the output coupling capacitor. 

If the loud of a transformer-coupled amplifier is discon- 
nected during operation, the transistor then sees an induc- 
tive load (the transformer primary inductance). When 
the transistor is turned oi\\ reverse-bias second breakdown 
may occur. Direct- or capaeitive-eoupled circuits, on the 
other hand, are quite stable with the load removed. 

If the amplifier high-frequency response is limited by 
the high-frequency capability of the output transistors, 
then the driver transistors may be unduly stressed under 
high-frequency, high-drive conditions. This stress is pro- 
duced because the reduction in output voltage, as amplifier 
gain decreases, results in a smaller negative feedback volt- 
age. The elective over-all amplifier gain is therefore in- 
creased, thereby causing the current in the driver transistors 
to increase. At sufficiently high frequencies, failure may 
then result because the drivers become overloaded. 

This potential cause of failure can be avoided by the 



Fig. 7 r A 70-watt direO-CPupled audio pow«r ompliFier. 




deliberate introduction of a frequency roll-ofl at the input, 
or hy the use of high-frequency output transistors. The 
2N.387S, which has a typical gain -bandwidth product of 
100 MHz, is well suited as an output for very wide band 
amplifiers. This transistor has been used in a low -distortion 
amplifier to obtain a frequency response which is down 
only 1 dB at 15 Hz and at 200 kHz at 20 watts output. 

Short-Circuit Protection 

Another important consideration in the design of high- 
power audio amplifiers is the ability of the circuit to with- 
stand short-circuit conditions. When the output terminals 
of an amplifier are shorted, the feedback becomes ineffec- 
tive, and the open-mop gain is such that overdrive condi- 
tions result in disastrously high currents and eveessive 
dissipation in both driver and output stages. Generally, 
before the output fuse can blow, the transistors are de- 
stroyed. Obviously, some form of short-circuit protection 
is necessary. 

One such technique is shown in Fig. 4. A current- 
sampling resistor R is placed in the ground leg of the 
load. If any condition (including a short) exists such 
that higher-than-normal load current flows, diodes Dl and 
D2 conduct on alternate half cycles and, thereby, provide a 
high negative feedback which effectively reduces the drive 
of the amplifier; however, this feedback should not exceed 
the stability margin of the amplifier. Notice that this tech- 
nique does not in any way effect the normal operation, 

ID- Watt, Cla^AB Audio Amplifier 

The advantages of using silicon power transistors in the 
driver and output stages of high-power audio amplifiers are 
shown by the typical performance of three practical circuits 
designed to operate at widely different power-output levels 
(10 watts, 25 watts, and 70 watts) . The performance data 
shows that silicon transistors can be used to develop high 
levels of audio output power in circuits that exhibit the 
wide frequency response, high sensitivity, and low distor- 
tion levels required in high-quality audio systems. More- 
over, because of the high-tempera- (Continued on page 80) 
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a iuil> sis to ensure that the unit com- 
plies with the original "black-box" 
specifications. 

Production Testing 

Because an integrated unit pet forms 
a circuit or multiple-circuit function, 
testing can be a significant portion of 
the cost. However, a large part of llie 
testing cost can be avoided by use of 
nx\ or dynamic specifications which 
permit performance deviations within 
the normal process variables. Under 
such conditions, an integrated circuit 
can generally be evaluated completely 
by means of static or dx\ testing. 
These static tests are fast (typical au- 
tomatic-equipment static test rates are 
on the order of 30 to 60 tests per sec- 
ond) and provide a high probability 
that the circuit will perform properly 
under dynamic conditions because die 
components of the integrated circuit 
are frequently more sensitive to (I.e. 
than ax. evaluation. 

There are obvious exceptions for 
which d,c. tests cannot assure compli- 
ance with an a,e, specification, partic- 
ularly when capacitor coupling is used. 
In such cases the pellet is d,c. -probed 
before dicing at internal points and 
then may be a.c.-tested after the mount- 
ing and bonding have been completed. 

The Future 

The most important single develop- 
ment in linear integrated circuits over 
the next few years should be the de- 
sign of standard types and the accep- 
tance of these types by equipment 
manufacturers. Large volume require- 
ments with extreme emphasis on low 
cost will encourage the development 
of special circuits with multi-function 
uses, particularly in consumer and 
some limited industrial applications. 
Technological developments will ex- 
tend the frequency range through udi.f., 
and large improvements will be forth- 
coming in low-noise applications at 
both high and low frequencies. Exten- 
sion into greater power-handling capa- 
bility will, to a large extent, be deter- 
mined by economic considerations. 
Combinations of MOS and bipolar 
transistors offer some unique technical 
advantages and will become a part of 
the standard types offered by more 
manufacturers. 

The most significant contribution 
that integrated circuits will make to 
equipment of the future is that more 
complex instruments will be generated 
because one or more orders of magni- 
tude of electronic functions will be 
purchased for the same cost. In addi- 
tion, the improvement in reliability 
will permit such designs. As a result, 
equipment manufacturers will be stim- 
ulated to design products which today 
are neither practical nor economically 
feasible. ± 
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Designing Hi-Fi Amplifiers 

(Continued from page 50) 

hire capabilities of the silicon transis- 
tors, the peH'tiniiaiice of the amplifiers 
remains essentially the same over a 
wide variation in ambient temperature. 

Fig. 5 A shows a schematic of a prac- 
tical 10-watt quasi-complementary au- 
dio amplifier. This circuit employs the 
same stability techniques as those used 
in the circuit of Fig. 1, Two 1N3754 
diodes are used in the input of the 
driver stage to compensate for the 
effect of high-temperature variations of 
the output transistors. Two I -ohm re- 
sistors are placed in the output stage to 
provide the degeneration required for 
circuit stability, T 1 icsc res i s to rs a re 
shunted by 1N3193 diodes to reduce 
losses when the amplifier is operated at 
full rated output power. 

The use of direct-coupled stages and 
local d.c. feedback results in very stable 
quiescent operation at ambient tem- 
peratures up to 71 °C. With an over-all 
negative feedback of 5 dli, the ampli- 
fier has a response that is flat within 
1 dn bom 15 to 20,000 Hz, Perfor- 
mance curves for the 10-watt ampli- 
fier are shown in Figs, 5ll T 5C, and 5D, 

25- Watt* Class-AB Audio Amplifier 

Fig. 6A shows the schematic of a 
25-watt a>c>/d,c. transformer-coupled 
audio amplifier intended primarily for 
public-address systems and other ap- 
plications for which economy and flex- 
ibility with respect to load impedance 
are important considerations, The high 
breakdown voltage of the silicon power 
transistors used in the output and driver 
stages permit the amplifier to be op- 
erated directly from a 120-volt a.c. or 
d.c, line. The negative-voltage termi- 
nals of the amplifier (i.e. t circuit 
ground) is isolated from chassis ground 
by a 0,22-megohm resistor to reduce 
the risks of electrical shock. The signal 
input should be transformer-coupled to 
the power amplifier to avoid shock 
hazard from the signal-source ground, 
A 0J-/'F capacitor provides a low im- 
pedance connection between circuit 
ground and chassis ground at r,f fre- 
quencies to prevent high-frequency os- 
cillations. 

Each driver transistor is connected 
to the associated output transistor in a 
Darlington arrangement; the output is 
t r a n s f or i ner - coi r p led to the spea ke r . 
Drive-signal phase inversion is pro- 
vided by a transistor phase-splitter cir- 
cuit. The small amount of forward bias 
required for class- A B operation is pro- 
vided by the 180,000 and 510-ohm 
resistors and the 1N3754 diode, The 
diode also provides the temperature 
compensation required so that the 
quiescent current will remain relative- 
ly constant for wide variations in tem- 
perature. With the 10 dB of over-all 
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feedback I'rom Hie output to t lie emit- 
ter of the first slatfe, Hie Limplifier lias 
an input hnpoilunre of 2500 ohms. 
Performance curves for Hie 25- watt 
unit are shown m Kigs, frit, 6C T uud 
GD. 

70 -Watt, Gla&t-AB Amlio A i up Hirer' 

Fig< 7 A shows the scltemutiu of a 
lii^li-quulity 70-wutt direct-coupled se- 
ries-output audio umplifier in which 
unique toc-hi ii<|iurs are used to obtain 
stable and reliable performance. Tbe 
three J N3754 diodes in the driver 
stage are thermally connected to the 
output transistor heat sinks so that the 
thermal feedback required to maintain 
a preset 20 niilliampt'rcs of quiescent 
output current is obtained at all ease 
temperatures up to 100 C. Small- 
value emitter resistors are employed in 
the output stage because additional 
stability is not necessary and output 
losses must he held to n minimum. A 
1XKS12R diode is placed in tbe emit- 
ter of one output transistor to cancel 
the offset voltage of the input transis- 
tor and thereby maintain the quiescent 
output vi ilt age near zero. 

Short-circuit protection is provided 
by the 0.27- and O. r )3-ohm emitter re- 
sistors and the zeuer diode. If any con- 
dition exists which will cause lugher- 
than-normal current (5 amperes) to 
[low through these resistors, the vol- 
tage potential across the zener diode 
will be such that the diode conducts 
in the forward direction during the 
negative output ho If cycle and exceeds 
the diode breakdown voltage during 
tbe positive half cycle. In this way, 
the driver is clamped below the 5- 
ampere level, and no increase in out- 
put current above this value is al- 
lowed. The drivers and output transis- 
tors* therefore, are protected from high 
currents and excessive power dissipa- 
tion that may result hum a reduced 
load resistance or, in the worst ease, a 
short-circuit. In addition, a 100°C 
thermal cut-oil Is attached to the out- 
put transistor heat sink which will turn 
oft the amplifier when these abnormal 
conditions cause sustained higber-thau- 
normal output dissipation. 

The Frequency response of the am- 
plifier is Hat within I dU from 5 to 
25,000 Hz. Tbe input sensitivity of 
the amplifier is 0.8 volt r.ims. for full 
rated output. The input resistance is 
1 00 T 0( ) f ) t )1 1 irs. The pertorman ee e y i r ves 
for the 70-watt amplifier are shown in 
Figs. 711, and 7D. 

(Editors Xotr: The three amplifier 
chat its shown in this article are not ttt- 
tended as construction projects. We 
have no information an so a revs for antj 
of the special parts requited. Rather 
the circuits were included to illustrate 
the various design principles discussed 
in this three-part series of articles .J ± 
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